We present the characterization of a laser frequency stabilization scheme using a state-ofthe-art wavelength meter based on solid Fizeau interferometers. For a frequency-doubled Ti-sapphire laser operated at 461 nm, an absolute Allan deviation below 10 −9 with a standard deviation of 1 MHz over 10 h is achieved. Using this laser for cooling and trapping of strontium atoms, the wavemeter scheme provides excellent stability in single-channel operation. Multi-channel operation with a multimode fiber switch results in fluctuations of the atomic fluorescence correlated to residual frequency excursions of the laser. The wavemeterbased frequency stabilization scheme can be applied to a wide range of atoms and molecules for laser spectroscopy, cooling and trapping.
I. INTRODUCTION
Frequency stabilization of a laser source is indispensable for a variety of applications in laser spectroscopy 1 , quantum optics 2 and high-accuracy metrology 3 . In particular, it is essential for laser cooling and trapping of atoms, ions and molecules, where the Doppler cooling effect is essential 4 . A great number of spectroscopic methods [5] [6] [7] [8] [9] have been developed over the years to stabilize the laser frequency to atomic or molecular lines. However, the convenience and availability of vapor cells for some elements or molecules are limited. As an example, for elements with high melting points like Li, Sr, Yb and Er, heat pipes or atomic beams have to be used 10, 11 . Although hollow-cathode lamps are compact alternatives for such cases, they usually suffer short lifetimes and large pressure broadening 12, 13 . Spectra of molecules such as iodine are also used even though the transition strengths are rather weak 14, 15 . A different approach which is not wavelength specific is to use a reference cavity [16] [17] [18] which exhibits a series of optical resonant peaks with a typical free spectral range (FSR) in the GHz range. Each resonant peak can serve as a reference for frequency stabilization using, for instance, a Pound-Drever-Hall technique 19 . However, locking to a reference cavity may result in noticeable frequency drifts depending on the mechanical design and the thermal expansion coefficients of the optical resonators. The frequency drift can vary from hundreds of MHz/hour to < 10 kHz/day 20 . To eliminate the frequency drift, the cavity length is often further stabilized to an external spectral line or carefully isolated, at the expense of more complexity.
a) Electronic mail: jiangyh@sari.ac.cn b) Electronic mail: peng07@ustc.edu.cn c) Electronic mail: weidemueller@uni-heidelberg. de Another alternative, which is not suffering from a finite frequency capture range as the methods discussed before, is to use a high-accuracy wavelength meter (WLM) 21, 22 . It requires only a little amount of light power, typically a few tens of µW, and can be used over a broad spectrum, typically few hundreds of nanometers. WLMs based on solid Fizeau interferometers offer a specified accuracy down to the MHz level in a broad spectral range 21, 23 . Such a level of accuracy is already of interest for laser cooling atoms with broad lines, such as Yb, Sr and Hg 24 . So far, there have been few applications of WLMs as frequency stabilization schemes 21, 23, 25, 26 . Previous work showed that a frequency instability of order 10 −10 for a single laser can be achieved by measuring the Allan deviation of the frequency of a near-infrared fiber laser stabilized by a high-accuracy WLM with a single-mode fiber 23 . We extend these studies to applications in atomic cooling and trapping, and we reveal limitations in multilaser operation using multi-mode fiber switches.
We present a comprehensive characterization of the frequency stabilization scheme with a commercial highaccuracy WLM (HighFinesse WSU-10). We quantify the frequency stability by the Allan deviation 27 over time intervals between 0.1 and 1000 s, using a laser stabilized to a narrow atomic resonance as a reference. The performance of the frequency stabilization scheme is analyzed using a Ti-sapphire laser and we find that the uncertainty of the provided frequency readout is the major limit of the frequency stabilization scheme. In order to demonstrate its application to an atom cooling experiment, we apply this stabilization scheme to the laser used for a magneto-optical trap (MOT) of strontium atoms and analyze its performance, comparing single-and multi-laser operation schemes. [30] [31] [32] [33] [34] [35] . The optical unit of the WLM used in our laboratory (HighFinesse WSU-10) comprises two sets of multiple interferometers (in total 6 Fizeau interferometers) with a dedicated mechanical design and two CCD line arrays. The optical unit also includes two fiber coupling inputs, one for wavelength determination and the other for calibration. The measured wavelength is calculated by comparison of the recorded interference pattern with the one of the calibration laser, which is a frequency stabilized HeNe laser with a maximum stability of 2 × 10 −8 in our case. As the photodiode arrays are very sensitive, input laser powers of a few tens of µW with an exposure time of 1 ms are sufficient for operation.
The WLM supports multi-channel frequency measurements of up to eight lasers simultaneously, when equipped with an external multi-mode fiber switch. It can provide electronic feedback loops for two lasers via built-in proportional-integral-derivative (PID) modules. When using a single-mode fiber (single-laser operation), the specified absolute accuracy is ±10 MHz (within ±200 nm around the calibration wavelength) with the specified measurement resolution being 1 MHz over the standard spectral range (350 − 1120 nm). The latter frequency precision is wavelength dependent. In multi-laser operation (multi-mode), the specified accuracy is specified as ±100 MHz.
B. Laser system for strontium cooling and trapping
The main purpose of our experiment is to optically cool and trap atomic strontium 36 . The relevant level scheme is shown in Fig. 1 (a) . A Ti-sapphire laser (M2 lasers SolsTiS-PSX-1600-F) with a wavelength of 922 nm is frequency doubled (M2 lasers ECD-X) to generate the cooling laser light at 461 nm for strontium atoms. This cooling laser is near-resonant to the transition 5s 2 1 S 0 → 5s5p 1 P 1 with a natural width of 32 MHz. Since the cooling transition is not closed, population in the excited state 1 P 1 slowly leaks to the long-lived metastable state 3 P 2 which creates loss of atoms in the laser cooling process. To pump atomic population back to the ground state, we employ a diode laser (Toptica DL100) at a wavelength of 481 nm to address the transition 5s5p 3 P 2 → 5p 2 3 P 2 . The Ti-sapphire laser and diode laser (in the following called cooling and repumping laser, respectively) can be stabilized independently or simultaneously by the WLM, as shown in Fig. 1 (b) . A small portion of light power of the Ti-sapphire laser is coupled to the WLM either via a single-mode fiber ( 1 , yellow) or a multi-mode channel ( 2 ). The latter consists of a multi-channel fiber switch (multi-mode) and a short piece of multi-mode fiber (20 cm, orange) which accepts a broad wavelength range. We find that the use of a rather short multi-mode fiber can effectively reduce the uncertainty of the wavelength measurement by reducing additional phase shifts induced by temperature fluctuations of the fiber. The WLM and switch are enclosed in a box to mitigate temperature fluctuations.
The channels are read sequentially and the total acquisition rate of the WLM is less than 1 kHz, thus the calculation of the wavelength is performed with the proprietary software on a computer which communicates with the WLM by a USB connection. The software can also generate electronic feedback signals for laser frequency stabilization. The Ti-sapphire laser controller contains a frequency stabilization function. Therefore, the digital wavelength signal can be directly sent from the controller via the network. Frequency stabilization of the repumping laser is implemented by a digital-analog-converter (DAC, WLM built-in module) which converts the digital frequency signal to an analog voltage signal which is used to control the diode laser's frequency.
III. CHARACTERIZATION OF FREQUENCY STABILITY
A. Readout stability of the wavelength meter First, we characterize the frequency readout uncertainty of the WLM over time. To do so, we measure the frequency of an ultra-stable diode laser (Toptica DLC TA Pro at 689 nm). This diode laser, not shown in Fig. 1 , is frequency stabilized to an ultra-low expansion (ULE) passive cavity (Stable Laser Systems) with a finesse around 200 000 by a PDH lock. The resulting linewidth of the laser is less than 1 kHz over 1 s, and the long-term drift of the ULE passive cavity is below 10 kHz per day. Thus, the frequency stability of this laser is much better than the specified resolution of the WLM, and frequency noise of the laser can be neglected 23 . As shown in Fig. 2 (a) , the Allan deviation σ y (τ ) decreases due to averaging effects down to a minimum of 8 × 10 −11 for an averaging time of ∼ 300 ms. The Allan deviation then increases up to a maximum of 1.4 × 10
around 200 s. The decrease at even longer time scales is due to averaging effects of the frequency as the reading does not present systematic drift. A recalibration of the WLM is done every 30 min and helps to further improve the stability, different to previous work 23 . The standard deviation of the frequency distribution over 10 h is about 500 kHz. In multi-channel operation, the Allan deviation has a maximum of 1 × 10 −9 around 600 s and does not tend to decrease further. The slope of the curve in the double-logarithmic representation for times up to a few hundred seconds is consistent with a random walk behavior without indication for a continuous drift. The frequency distribution yields a 1.2 MHz standard deviation over a 10 h measurement time. We have compared our findings to similar data provided by the manufacturer HighFinesse 37 with an improved version of the WLm, which are consistent with the data that we present here. 
and a diode laser (481 nm). A fraction of the light is sent to the WLM using 1 a single-mode optical fiber (yellow) or 2 a multi-mode fiber switch and a short multi-mode fiber (orange). The calculated wavelength signal of the Ti-sapphire laser is sent from the the computer over the local-area network to the laser controller of the Ti-sapphire laser. The diode laser is stabilized using the integrated digital-to-analog converter of the WLM which drives the piezo actuator of the diode laser. A HeNe laser calibrates the WLM through another fiber coupling port. (c) Beatnote setup for frequency uncertainty characterization of the stabilized Ti-sapphire laser. σy(τ).ν461
[kHz] and a multi-mode switch (multi-channel) are compared. ν689 and ν461 denote the central frequencies of ultra-stable diode laser and a 461 nm diode laser, respectively. Each measurement is taken over 10 hours.
B. Characterization of wavemeter-based frequency stabilization scheme
To analyze the frequency uncertainty of the Tisapphire laser at 461 nm stabilized to the WLM, we have set up a measurement of the beatnote with a diode laser stabilized to a strontium atomic resonance at the same wavelength, as depicted in Fig. 1 (c) . The diode laser (Moglabs CEL002) is frequency stabilized to the strontium transition 5s 2 1 S 0 → 5s5p 1 P 1 , using polarization spectroscopy with a hollow cathode lamp, based on an existing work 38 . This diode laser has a linewidth of about 500 kHz over a time interval of 1 s, measured with an optical spectrum analyzer (Sirah EagleEye). The Allan deviation of the laser frequency determined similarly as described in the previous section is shown on Fig. 2 (b) . The Allan deviation remains within a factor of 3 for all timescale compared to the Allan deviation of the ultrastable laser. Over the 10 h measurement, the standard deviation is 700 kHz and 3.7 MHz for single-and multichannel operation, respectively. The stability measurement is thus limited by the stability of the WLM. Therefore the laser can be employed as a reference for the beat note measurement with another laser that is stabilized by the WLM. An accurate frequency counter is used to measure the frequency difference between the stabilized Ti-sapphire laser and the diode laser resulting from the beat signal (at a frequency offset around 160 MHz).
We compare two scenarios: the Ti-sapphire is stabilized and coupled to the WLM with a single-mode fiber (single-channel), and, alternatively, with a multi-mode fiber(multi-channel) which allows one to stabilize multiple lasers simultaneously. The Allan deviation σ y (τ ) calculated from the beatnote measurements is plotted in Fig. 3 , where the Allan deviation for the free-running of frequency-doubled Ti-sapphire laser is also shown. The free running laser shows a linear drift of 53 MHz/hour. When operated with the WLM frequency stabilization in single-channel operation, this drift is suppressed resulting to an Allan deviation staying below 8 × 10 −10 over time intervals between 1 s and 1000 s. The steady increase of the Allan deviation in multi-channel operation might indicate a small residual drift, yet the Allan deviation does not exceed 2 × 10 −9 . In fact, the resulting Allan deviation in both operation modes is comparable to the genuine stability of the WLM itself (see Fig. 2 ), suggesting that the achievable frequency stability is actually limited by the WLM readout. The standard deviation of the frequency distribution is 1.1 MHz in single-channel operation and 1.8 MHz in multi-channel operation, respectively, over a period of 10 h. Free running Single-mode Multi-mode
Frequency stability characterization of the frequency-doubled Ti-sapphire laser stabilized to the WLM. Allan deviations are calculated from the beatnote between the frequency-doubled Ti-sapphire laser and the 461 nm diode laser stabilized to the strontium atomic line with polarization spectroscopy. The Ti-sapphire laser is stabilized to the WLM via a single-mode fiber, a multi-mode switch or is free running. The measurement rate of the beatnote is 2 Hz. Each measurement is taken over 10 hours.
IV. LASER COOLING AND TRAPPING OF STRONTIUM
These measured frequency deviations are much smaller than the width of the strontium transition (32 MHz). Thus, the WLM stabilization scheme provides favorable conditions for employing the laser system in a laser cooling and trapping experiment. Details of our Sr-MOT, which combines a 2D-MOT with a 3D-MOT, are described in Ref. 36 . In single-laser operation, only the Ti-sapphire laser is frequency stabilized to the WLM via a single-mode fiber, and no repumping laser is used which results in a MOT containing 10 6 atoms. In multilaser operation, we stabilize both the cooling and the repumper laser to the WLM using the multimode-fiber switch (see Fig. 1 ). Under these conditions, about 10 7 atoms are being trapped. We simultaneously record the frequency deviations of the cooling laser, as described in the previous section, and the fluorescence of the trapped atoms using a photodiode over a period of 5000 s. There is no simple relation between the fluorescence intensity and the atom number. The frequency of the repumping laser is not monitored as the repumping line is powerbroadened to roughly 100 MHz 39 , resulting in a negligible influence of the repumping laser frequency stability on the MOT performance. Fig. 4 (a) shows the fluorescence intensity of the MOT as a function of the frequency deviation of the cooling laser in multi-laser operation. There is a clear positive correlation with a correlation coefficient 40 of ρ = 0.79. In the histogram of Fig. 4 (c) , the frequency distribution fits to a Gaussian distribution with σ = 1.6 MHz, with an additional shoulder at −33 MHz. This width agrees with the standard deviation determined for the laser stability in Sec. III B.
An excerpt of the fluorescence intensity fluctuations over time is given in Fig. 4 (b) . Two periodic structures are observed. The oscillation with a period of ∼ 20 min is correlated to ambient temperature fluctuations, and might thus indicate a slight temperature dependence of the WLM readout in multi-channel operation. The spikes which appear every 60 s are related to a periodic perturbation in the WLM readout, which can also directly been seen in its frequency monitor. This regular feature might be the cause for the increase of the WLM's Allan deviation beyond 50 s as shown in Fig. 3 . Fig. 4 (d) shows the fluorescence intensity of the MOT as a function of the frequency deviation of the cooling laser in the single-channel operation. Under these conditions, the correlation coefficient is ρ = 0.13 which suggests that the fluorescence intensity of the MOT is uncorrelated with the frequency deviation of the cooling laser. The frequency distribution exhibits a standard deviation σ = 0.8 MHz, as depicted in the histogram in Fig. 4 (f) , again agreeing well with the genuine laser deviation as presented in Sec. III B. An excerpt of the fluorescence intensity fluctuation over time (see Fig. 4 (b) ). The observed fluctuations of the fluorescence amounts to roughly 5%, well above the electronic noise of the detector and on the order of the laser intensity fluctuations. There is no indication of periodic behavior as previously seen in multi-channel operation.
V. CONCLUSION
We have characterized a laser frequency stabilization scheme using a commercial WLM. In single-channel operation, the frequency standard deviation of the WLM reading is less than 1 MHz at 689 nm over 10 hours. The frequency stability of a frequency-doubled Ti-sapphire at 461 nm locked to the WLM in single-channel mode shows similar performance with a frequency standard deviation of 1.1 MHz over 10 h and a short term stability below 10 −9 . In multi-channel operation, the standard deviation of the laser frequency yields 1.8 MHz with a short-term stability of 1×10 −8 . In comparison to previous work 23, 25 , no continuous drift of the WLM frequency reading is observed due to autocalibration of the WLM. The WLM frequency stabilization scheme is used to realize a MOT of strontium atoms. In multi-laser operation, we observe a direct correlation between frequency and fluorescence fluctuations. In single-laser operation, the fluorescence intensity fluctuations are nearly uncorrelated with the frequency uncertainty of the cooling laser. Recently, broadband single-mode fiber switches based on photonic crystal fibers became available for commercial WLMs 41 . They can preserve single-mode operation over a broader spectrum than single-mode fiber switches. We anticipate that with these switches the WLM stabilization scheme will perform as well as in single-laser operation.
Frequency stabilization using WLMs features great advantages as compared to other schemes based on, e.g., atomic spectroscopy or cavity resonances. Thanks to the unlimited frequency capture range, combined with a sufficient frequency stability, we can operate the Sr MOT for an entire day in single-laser and multi-laser stabilization mode without a single loss of trapped atoms and with exquisite long-term constancy of the number of trapped atoms 36 . In a recent extension of our setup, we have integrated a third laser for Rydberg excitation (frequencydoubled dye laser at 318 nm, Sirah Matisse 2 DX) into the frequency stabilization scheme allowing for accurate determination of Rydberg line frequencies without compromising MOT performance. Based on this experience, we expect a broader range of applications of WLM-based frequency stabilization schemes in atomic and molecular laser spectroscopy, cooling and trapping.
